OBJECTIVE To quantify the effect on cervical disease at age 20 years of immunisation with bivalent human papillomavirus (HPV) vaccine at age 12-13 years.
Introduction
Cervical carcinoma is the fourth most common cancer in women and a major cause of morbidity and mortality worldwide. 1 In developed countries where organised cervical screening programmes have been implemented, the incidence and mortality from cervical cancer has decreased, although in many there is either no further diminution or even an increase in incidence. Many factors might contribute to these trends, including decreased uptake of screening, increased rates of human papillomavirus (HPV) infection, and changes in sexual behaviour. 2 3 Middle and lower income countries mostly do not have the resources to support organised screening, and cervical cancer remains a considerable problem. The development of vaccines against the most important oncogenic HPV types has the potential to be a major step in the prevention of cervical cancer.
In 2008, Scotland introduced a national immunisation programme against HPV using the bivalent vaccine, which was used until 2012. The immunisation programme was school based, targeted girls aged 12 and 13 (routine vaccination), and was supplemented with a three year catch-up programme to age 18. Uptake in the catch-up cohort was about 65% overall, but uptake in the routinely immunised cohorts has consistently exceeded 85%. 4 5 Up to and including 5 June 2016, women in Scotland were invited for cervical screening at age 20. Thereafter, they are screened from age 25. Women from the catch-up cohorts have been screened since
WHAT IS ALREADY KNOWN ON THIS TOPIC
Immunisation against human papillomavirus (HPV) reduces the prevalence of target HPV types and cervical disease in women immunised in catch-up programmes Population data on the effect on HPV prevalence in women routinely immunised at age 12-13 years show substantial reductions in target and cross protected HPV types Population data on the effect on disease in routinely immunised women are lacking
WHAT THIS STUDY ADDS
Routine immunisation using the bivalent HPV vaccine against high grade cervical disease was found to be highly effective In the setting of high uptake and a catch-up programme, unvaccinated women also show a reduction in disease, possibly because of herd protection Cervical cancer prevention programmes and colposcopy services will need reappraisal, and data from Scotland will feed into models to support such review doi: 10.1136/bmj.l1161 | BMJ 2019;365:l1161 | the bmj 2010 and women from the routinely immunised cohorts have been screened since 2015. Scotland has comprehensive cervical screening data that contain a woman's entire screening record, immunisation status, and unique personal identifier (community health index (CHI) number). We have been able to show the effectiveness of immunisation on various outcomes, including HPV prevalence, herd immunity, cervical disease, colposcopy outcomes, and uptake of cervical screening. This constitutes a comprehensive programme of immunisation surveillance. [6] [7] [8] [9] [10] [11] [12] Recently we reported on the effect of the bivalent HPV vaccine on prevalence of HPV types in women who were immunised at age 12-13 years and attended for screening at age 20. 12 In the 1995 birth cohort (associated with 90% uptake of vaccine at age 13) a virtual eradication of infection related to HPV types 16 and 18 and a statistically significant reduction in cross protective types was observed. Furthermore, no evidence of replacement by other HPV types was evident and statistically significant herd protection in unvaccinated women was identified. Similar reductions have been reported in the Netherlands, where the bivalent vaccine is used. 13 The considerable reduction in the most carcinogenic HPV types clearly has implications for associated disease and the way it is managed clinically.
In the present study, we report at a national, programme level and through linkage to screening records the effect of routine immunisation of girls aged 12-13 years with the bivalent HPV vaccine on levels of cytological abnormalities and cervical intraepithelial neoplasia (CIN). These findings supplement previous studies in Scotland and the Netherlands, which indicate that the bivalent vaccine will afford protection against most HPV related cervical cancers.
Methods

Scottish cervical screening programme
Scotland has an organised, national cervical screening programme, which achieves about 70% uptake. 14 Up to and including 5 June 2016 women aged between 20 and 60 were eligible for screening and thereafter the age range changed to between 25 and 64, 364 days in line with the rest of the United Kingdom. Eligible women are screened every three years until age 50 and then every five years until age 65. Screening is extended for a further five years if needed to complete follow-up of screen detected abnormalities. Scotland uses Thinprep liquid based cytology with image assisted screening (ThinPrep Imaging System; Hologic, Marlborough, MA). Eight National Health Service cytology laboratories served the programme during the period reported and processed around 400 000 samples a year. Cytological and histological findings are classified according to British Association for Cytopathology and NHS cervical screening programme criteria. 15 16 Table 1 compares the three commonly used reporting systems.
Women are referred for colposcopy after one finding of high grade dyskaryosis or ASCH (atypical squamous cells, cannot rule out high grade squamous intraepithelial lesion), two findings of low grade dyskaryosis or three findings of borderline change during an episode of abnormal follow-up, or three abnormal results in the past 10 years. Women with low grade dyskaryosis or borderline changes are followed up with cytology at six months if not referred for colposcopy. Smear tests are repeated within three months if results are unsatisfactory, and women with three consecutive unsatisfactory results are referred for colposcopy. Ablation or excision is routinely carried out for CIN grade 2 or worse. Conservative management is the expected treatment for low grade disease. Scotland does not use HPV testing for the triage of low grade cytology.
Data extraction, annotation, and exclusions
The Scottish Cervical Call-Recall System (SCCRS) is a national IT system, which contains comprehensive data relating to screening and acts as an active management tool. We interrogated SCCRS for screening data on all women born between 1 January 1988 and 5 June 1996 from the date of first eligibility for screening (age 20) to the date of data extraction (August 2017). Data extracted included CHI number, postcode of residence, date of birth, attendance, immunisation status, cytology result, colposcopy referral, and related histological diagnosis. The postcode of residence was used to derive the Scottish index of multiple deprivation fifth (where the first fifth represents the most deprived), and rurality index (derived from the Scottish government eight level indicator, with three levels: urban, accessible rural (30-60 minute drive to a settlement of ≥10 000), and remote rural (>60 minute drive to a settlement of ≥10 000)). Duplicate records for a woman are linked in SCCRS under the most recent CHI number, and personal data (including postcode) are updated daily from the Scottish national population register used throughout the Scottish school and healthcare systems.
For all cohorts we restricted the data to those who had cytology tests and colposcopy appointments at age 20. The results for most women corresponded to their first smear test or first colposcopy examination; for the few women with more than one smear test or biopsy in their first year of screening, we used the most severe result. We excluded records without a deprivation and rurality score from analysis. Although data on all screening events were extracted, for this analysis we only used data on attendance in the first year of eligibility, minimising bias resulting from differences in age at time of screening and opportunity for disease detection. Age at immunisation was calculated based on age at first vaccination. Figure 1 shows the relation between immunisation, year of first screen, and data extraction.
Measures of effect and outcomes
Cytology was recorded as negative (no evidence of disease), borderline (including borderline glandular changes), and low, moderate, or severe grade dyskaryosis (including glandular abnormalities). Histology was coded as normal (no CIN detected), CIN grade 1, CIN grade 2, and CIN grade 3 or worse (glandular neoplasia or cancer). We categorised women not referred for colposcopy as having no CIN detected. Wilson's method was used to calculate the confidence intervals for the percentages of women in the outcome groups. We used multivariate multinomial logistic regression models to explore the associations between cytology results, referral for colposcopy and histological diagnosis, and immunisation and demographic variables. Odds ratios for the cytological and histological outcomes are reported with 95% confidence intervals. Vaccine effectiveness for three doses compared with no doses was calculated as 100×(1−odds ratio), and for those fully vaccinated we estimated vaccine effectiveness separately by age at vaccination with reference to unvaccinated women in the pre-immunisation cohorts (born 1988-90). We used interaction tests to determine if the trend over time was the same between fully vaccinated and unvaccinated women. In addition to the number of doses of vaccine, we investigated the influence of birth cohort, Scottish index of multiple deprivation fifth, and the urban rural indicator on vaccine effectiveness. The pre-immunisation cohorts (born 1988-90) acted as the comparator group, although a small proportion of women born in 1990 were eligible for immunisation. Girls in the catch-up group (1991-94) are more likely to have been exposed to HPV before immunisation, whereas the routinely immunised group (1995-96) are considered more likely to be HPV naïve. We investigated 
Patient and public involvement
There was no patient or public involvement in the design or analysis of this study. The records were anonymised before analysis, with preservation of linkage between immunisation, cytology, and histology when appropriate. Caldicott Guardian approval, a UK process to ensure that the use of personal data complies with legal requirements for data protection and is in the public interest, was obtained for the use of data. The data were generated through the routine activity of the Scottish cervical screening programme. Participation in the programme gives implied consent for the use of data derived from this participation for service monitoring and improvement. Management of individual patients is not affected by this study, and no individuals can be identified from the anonymised dataset used by the researchers.
Results
In total, 138 692 women born between 1 January 1988 and 5 June 1996 had a smear test result recorded at age 20. Cumulatively within the extract, 64 026 women were unvaccinated and 68 480 had three doses of vaccine (fully vaccinated). Only 2051 women received one dose and 4135 women received two doses. The number of women born in 1996 in the dataset is less than in other years as only those born before 6 June were eligible for screening because of changes to the age range for the screening programme. The number of women who had their first dose at age 14 is lower than in other years because of the phasing of the catch-up programme (fig 1) . Tables 3 and 4 show the adjusted odds ratios for cytological and histological outcomes by immunisation status and age at which the first dose was administered and by year of birth in unvaccinated women, respectively. Figures 2 and 3 show the trends in cytological abnormalities and histologically confirmed CIN by percentage of the screened population stratified by no or complete immunisation.
Cytological outcomes
The overall rate of severe dyskaryosis or worse decreased from 0.75% (0.63% to 0.89%) for women born in 1988 to 0.06% (0.04% to 0.11%) for women born in 1995-96, and moderate dyskaryosis decreased from 1.18% (1.04% to 1.36%) to 0.27% (0.21% to 0.35%), representing reductions of 92% (85% to 95%) and 77% (69% to 83%), respectively (table 2) . Rates of severe and moderate dyskaryosis in unvaccinated compared with fully vaccinated women born in 1995 and 1996 were not significantly different ( fig 2) . Overall, borderline/ASCUS rates declined by 34% (30% to 39%), with a similar trend over the cohort in vaccinated and unvaccinated women (interaction test P=0.11), although the rate was lower in vaccinated women (15%, 11% to 19%). The reporting of low grade dyskaryosis/LSIL increased during the period of observation. The trend with birth cohort was the same for vaccinated and unvaccinated women (interaction test P=0.17); vaccinated women had 19% (14% to 24%) lower rates (table 2 and fig 2) .
Vaccine effectiveness in fully immunised women, vaccinated at ages 12-13, compared with unvaccinated women in 1988-90 was 42% (38% to 46%) for borderline/ASCUS, −38% (−48% to−28%) for low grade dyskaryosis/LSIL, 80% (72% to 86%) for moderate dyskaryosis/HSIL-M, and 93% (86% to 97%) for high grade dyskaryosis/HSIL-H (table 3) .
Histological outcomes
High grade CIN showed a significant overall decline (table 2 and fig 2) . The rates of CIN grade 3 or worse decreased by 89% (81% to 94%), from a preimmunisation rate of 0.59% (0.48% to 0.71%) in women born in 1988, to 0.06% (0.04% to 0.11%) in women born in 1995-96. CIN grade 2 or worse decreased by 88% (83% to 92%), from a preimmunisation rate of 1.44% (1.28% to 1.63), to 0.17% (0.12% to 0.24%) in women born in 1995-96. No CIN grade 2 or worse (upper confidence limit 0.7%) was found in unvaccinated women in this age group (n=545). The decline in high grade CIN was steeper in fully vaccinated women (P=0.005 interaction test), but by the 1995-96 cohort, rates of high grade CIN were not significantly different between unvaccinated and vaccinated women (P=0.47) (fig 3) .
CIN grade 1 decreased from 0.69% (0.58% to 0.63%) of women before immunisation (1988 cohort) to 0.15% (0.10% to 0.21%) overall for women born in 1995-96: a 79% (69% to 86%) reduction (table 2). The trend over birth cohort was the same for fully immunised and unimmunised women (interaction test P=0.90), and there was no evidence that the rates differed between fully immunised and unimmunised women (P=0 .17; fig 3) .
For fully immunised women, first vaccinated at age 12-13, vaccine effectiveness for CIN grade 1 was 78% (66% to 86%), for CIN grade 2 was 89% (81% to 94%), and for CIN grade 3 or worse was 86% (75% to 92%), compared with unvaccinated women in the 1988-90 cohorts. Vaccine effectiveness was lower for women first vaccinated at age 17: 41% (14% to 59%) for CIN grade 1, 56% (35% to 70%) for CIN grade 2, and 45% (17% to 64%) for CIN grade 3 or worse (table 3) .
Herd protection was observed for the unvaccinated women in the 1995-96 cohort, with a 63% reduction in the odds of CIN grade1 (11% to 85%), 67% reduction for CIN grade 2 (19% to 86%), and 100% (69% to 100%) reduction for CIN grade 3, compared with unvaccinated women in 1988-90. Similar reductions were noted for moderate dyskaryosis/HSIL-M (58%, 21% to 78%) and high grade dyskaryosis/HSIL-H (85%, 38% to 96%) but not for borderline/ASCUS or low grade dyskaryosis/LSIL (table 4). Tables 2 and 3 show the number of women with one dose or two doses of vaccine and outcomes. Although reductions occurred in both cytological and histological outcomes with two doses, no statistically significant effect was seen for either one dose or two doses. The numbers were too small to allow analysis by year of birth. 
One and two dose outcomes
Discussion
This study reports statistically significant reductions in all grades of cervical intraepithelial neoplasia (CIN), equating to vaccine effectiveness estimates of 80% or greater after routine immunisation at age 12-13 years. The prevalence of high grade dyskaryosis was similarly reduced. Herd protection has been shown in unvaccinated women in the cohort offered routine immunisation. The changes in cytological abnormality and histologically confirmed cervical disease in women attending for their first cervical screen aged 20 associated with routine vaccination at age 12-13 years with the bivalent human papillomavirus (HPV) vaccine in a setting that offered both a catch-up programme and that achieved high and consistent uptake. The results of this study were derived from data that directly link immunisation status and screening outcome at the level of the individual. We are confident that the reduction in disease does not relate to the inability of cytological screening to detect disease in vaccinated women, given previous data on cytology performance that showed no loss of sensitivity in vaccinated compared with unvaccinated women, and the deterioration in the clinical significance or positive predictive value of cytologically defined low grade disease described elsewhere. 5 The increase in reporting of low grade dyskaryosis/ LSIL in immunised women was statistically significant, in contrast with the reduction in all other cytological categories and all grades of CIN. Scottish surveillance data indicate that vaccine types and cross protected types (HPV 16, 18, 31, 33, and 45) are found in a higher proportion of samples with borderline/ASCUS cytology than in samples with low grade dyskaryosis/ LSIL cytology and this could, in part, explain this observation. The human papillomavirus (HPV) types that remain after immunisation might not be associated with persistent disease. The cytological differential diagnosis of borderline/ASCUS changes is often moderate dykaryosis/HSIL rather than low grade dyskaryosis/LSIL (cases of borderline, atypical squamous cells, cannot rule out high grade squamous intraepithelial lesion (ASCH) are reported but not recorded separately). Also, changes have occurred in the classification of HPV related cytological changes, and the management of CIN grade 1 or less at colposcopy that will have affected the relation between low grade cytology and a diagnosis of CIN grade 1.
No immunisation 3 doses
ASCUS Percentage
Strengths and limitations of this study
The strengths of this study include direct linkage of data between immunisation status and screening outcomes, and that the data are from the screened population rather than a selected cohort. The completeness of the screening database and the longstanding, organised nature of the surveillance programme means that it is possible to show trends and to examine their correlation to several variables. The data therefore form a sound basis for development of cervical cancer prevention strategies.
This study has limitations. The analysis was confined to women attending for cervical screening at age 20. Uptake of screening in fully vaccinated women aged 20 or 21 is 51%, and only 23% in unvaccinated women. 14 18 It is possible therefore that vaccine effectiveness was over-estimated. However, the high uptake of vaccination, similarity in distribution of HPV type in attenders and non-attenders, and appearance of herd protection give reassurance that the observations can be extrapolated to the general population. 19 The shorter follow-up time for women born in 1995 and 1996 necessarily affects the robustness of the estimation of vaccine effectiveness for younger women; however, further planned longitudinal studies will help elucidate true protection from the effects of routine vaccination. The formal adoption of a conservative management protocol for women with CIN grade 1 at colposcopy over the study period could have affected the numbers of biopsies carried out. However, it is unlikely that this change in practice accounted for the magnitude of the reductions in CIN grade 1, particularly when considered along with the reductions in CIN grades 2 and 3, for which there were no changes in clinical management or treatment over the study period. CIN grade 3 is now considered the best predictor of risk of invasive cancer, but a proportion will still regress. It is known that the likelihood of developing CIN grade 3 varies with the HPV genotype and is highest with HPV types 16, 31, and 33. 20 The propensity for the CIN to regress is also related to the HPV type, and there are fewer cancers attributable to HPV type 33 than would be expected from the prevalence of this genotype in CIN grade 3 lesions. 21 As the most oncogenic types have been effectively removed from the population it might be that regression of CIN grade 3 is more likely in vaccinated women, increasing vaccine effect on rates of CIN grade 3.
Another unavoidable limitation of high compliance with full vaccine schedules is the inability to assess the impact of fewer than three doses. The characteristics of partially immunised women in Scotland have been described previously. 5 Briefly, partial immunisation was associated with increased deprivation, having left school, and increasing age. In girls offered routine, in-school vaccination, only 1.6% were partially immunised compared with 9.8% in the first full year of catch-up. 1988 1989 1990 1991 1992 1993 1994 1995 1996 Comparison with other studies These results are the clinical counterpart of the reductions in type specific HPV infection shown in routinely vaccinated women. 12 Kavanagh and colleagues showed statistically significant vaccine effectiveness against HPV types 16 and 18 (90%) and cross protective HPV types (80-85%), with cross protection lasting a minimum of seven years. Herd protection against HPV 16 and 18 related infection was also found in unvaccinated women in the routine vaccination cohort. The reduction of CIN grade 3 and the estimates of vaccine effectiveness reported are of a similar magnitude to those reported by Kavanagh and colleagues for HPV infection. 12 The vaccine specific and cross protected HPV types covered by the vaccine (HPV 16, 18, 31, 33 , and 45) are implicated in 90% of cancers in Scotland. 22 CIN grade 3 is the precursor of invasive cervical carcinoma, with the least diagnostic variability and lowest rate of spontaneous regression, and it is recognised as the best indicator of the risk of invasive cancer. [23] [24] [25] It is therefore reasonable to expect that the reduction in CIN grade 3 will lead to a reduction in cervical cancer in future years. The anticipated impact of immunisation on cancer will take more time to become apparent.
Year of birth
CIN 3+ Percentage
A recent Cochrane review of the effectiveness of bivalent and quadrivalent HPV vaccination in randomised trials has shown unequivocal, high quality evidence of the benefits of immunisation. 26 Our results are in keeping with this review. Population studies in other settings have shown a major impact of the quadrivalent vaccine on infection and associated benign and neoplastic disease. [27] [28] [29] [30] [31] [32] [33] [34] The present work complements these studies in being the first to report on the impact of the bivalent vaccine on disease when delivered to girls aged 12-13 years within a national programme. It will now be of interest to see the impact of the nonavalent vaccine at the population level. It is postulated that the nonavalent vaccine will protect against 90% of cervical cancers globally. 35 However, worthwhile additional protection against cancer because of the nonavalent vaccine will be difficult to show in Scotland, given the distribution of HPV types in the UK, the effect of the bivalent vaccine, and the absence of type replacement to date, although the effect on genital warts is clear. 27 The Scottish cervical screening programme is incorporating HPV immunisation into its routine programme monitoring statistics. This, along with the projected move to HPV primary screening, will facilitate the monitoring of changes in vaccine effectiveness in the future.
Policy implications
Low levels of cervical cancer after routine vaccination clearly have ramifications for screening vaccinated women. Although major disease is reduced in Scotland, it has not been eradicated, and continued screening is therefore necessary, particularly as for some years most women within the screening programme will not have been vaccinated. Previous work has suggested that the performance of cytology based and HPV based screening deteriorates in vaccinated women, despite preservation of sensitivity. 7 8 This can be attributed to reduced disease levels leading to a higher number of false positive test results and a lower positive predictive value for important disease. The effectiveness of HPV primary screening in highly immunised populations will need close monitoring. Novel methods for improving uptake of screening, the effectiveness of the screening and, crucially, the triage test will be needed to maintain the performance of cervical screening as a process. The reduced rate of disease in those referred for colposcopy will likewise make the maintenance of colposcopy standards challenging. 10 11 Different modelling approaches have been used to inform optimal scenarios for screening of vaccinated women but have converged on the conclusion that, for some women, two or three screens in a lifetime using HPV testing might be sufficient. 36 37 Such sporadic screening, coupled with much reduced disease and decreasing numbers of women referred for colposcopy and treatment, necessitates redesign of cervical screening programmes. Ultimately, the clinical and economic rationale for cervical screening will need to be reviewed.
Conclusion
We have presented linked data, from a population with high vaccine uptake and a comprehensive catch-up programme, which show routine immunisation with three doses of bivalent vaccine at age 12-13 years is associated with a profound reduction of cervical disease seven years later, measured by cytological and histological abnormalities and referral for colposcopy. Disease was also reduced in unvaccinated women, possibly because of herd protection. Routinely vaccinated populations will also have a lower risk of other HPV related diseases. 38 The reduction in disease in routinely immunised women, who will form the bulk of the screened population in years to come, mandates revision of screening and referral guidelines. The findings emphasise the credibility of using high risk HPV infection as an early marker of the effectiveness and success of the vaccine and underpin the recent call for global action on cervical cancer from the World Health Organization.
The manuscript was reviewed by Jo's Trust, which supports the conclusions. It made the following statement: We think (it has) massive implications for the screening programme, vaccine and also impact on diagnoses in the future. It gives weight for activity to increase vaccine uptake, has implications on screening intervals. The clinically relevant herd protection is very interesting too. It also feeds into our policy calls for a new IT infrastructure (for the screening programme in England) to record and enable invitations based on whether someone has at the vaccine if intervals can be extended.
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